BCN (boron carbon nitride) nanosheets are promising photocatalyst materials for solar fuel production by visible light-driven water splitting and CO 2 reduction due to their tunable band gap and unique properties.
Introduction
The development of photocatalysts for water splitting and CO 2 reduction is of great signicance for solar fuel production and the solution of global warming problems by using abundant and clean solar energy.
1,2
A number of photocatalyst materials such as inorganic semiconductor, 3, 4 metal-organic crystalline (MOF), 5 conjugated microporous polymer (CMP), 6 and carbon-based nanomaterials 7 and their composites 8 have been reported for photocatalysis. Among these materials, metal-free graphitic conjugated materials composed of lightweight and abundant elements attract much attention due to their non-toxicity and stability in the catalytic process. The materials based on g-C 3 N 4 and graphene have been extensively studied and have good capability in the photocatalytic process. For example, Ru complex/C 3 N 4 hybrid material could efficiently catalyze the conversion of CO 2 to HCOOH in the DMA/TEA reaction systems under visible-light illumination, which gave a high turnover number (>1000) and apparent quantum yield (5.7% at 400 nm). Moreover, the Z-scheme photocatalytic systems constructed by applying graphene to connect CuGaS 2 and CoO x /BiVO 4 composites not only could split water into H 2 and O 2 but also was active in CO 2 reduction using water as the sole electron donor under visible light. 8 Recently, BCN nanosheets have been given attention of many researchers due to its higher efficient H 2 production than g-C 3 N 4 and CO 2 reduction (moderate photocatalytic ability) under visible light irradiation 9 and its tuneable band gap.
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Graphene
13 is a single-layer 2D nanosheet with hexagonal packed lattice structure and a semimetal with a bandgap of 0 eV, while h-BN 14 is a layer-structured insulator with a wide bandgap of $6.4 eV.
Graphite and h-BN can be doped each other because of similar crystal structure and physical properties. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Therefore, this reciprocal doping can be used to tune their optical and electric properties 19, 25, 26 and band gap between graphite and h-BN depending mainly on composition.
27,28
Due to its unique properties of parent compounds and synergistic effects 29, 30 of the doped elements, BCN nanosheets can be used as free-metal electrode materials 31 32 Specially, thermal annealing is most widely used for BCN nanosheets due to some advantages such as availability of precursor material, simple synthesis and gram scale yield, and no requirement of expensive instrument.
However, this doping by thermal annealing requires generally high temperature from thermodynamic viewpoint. 36 Uddin et al. have reported that in the process of BCN nanosheets synthesis by MOCVD, (BN) 1ÀX (C 2 ) X nanosheets with 0.032 < x < 0.95 on the h-BN substrate are most likely phase separated at temperature of 1300 C due to the bond energy difference. 37 And Huang et al. have reported the preparation of C-doped BN nanosheets for photoredox catalysis at high annealing temperature (1250 C). 9 Also, Çamurlu and Antonietti have reported the calcium borate melt promotes the formation of h-BN in B 2 O 3 -C system by dissolving N 2 .
38,39
Here we report a facile synthesis method for C-doping into h-BN at low annealing temperature (1000 C) by adding alkaline earth metal compounds and the photocatalytic activity of the prepared BCN nanosheets for water splitting and CO 2 reduction under visible light irradiation. 
Experimental
Preparation of BCN nanosheets
Boric acid (1 g), urea (4 g), alkaline earth metal nitrate (1.3 mmol) and a certain amount of glucose are mixed in aqueous solution and then dried at 70 C under stirring in oil bath. The dried samples were again dried at 200 C for 1 hour and then grinded fully in agate mortar. Then the samples are put in horizontal tubular furnace and, before heating up the system was degassed by vacuum pump and backlled with pure N 2 gas. Samples were then annealed at 1000 C for 4 hours under N 2 ow of 100 ml min À1 . Aer annealing, samples are cooled to room temperature and then treated with 10% HNO 3 solution at 80 C and washed in water and ethanol. Samples were exfoliated by ultrasonic and then dried at 100 C. The process is illustrated schematically in Scheme 1. The resulting nal samples were denoted as xGlu-Me, where x (10, 20, 30, 40) is the percentage content of glucose by weight to boron oxide and Me (Mg, Ca, Sr and Ba) is alkaline earth metal. When either metal nitrate or glucose was omitted, the synthesized sample was named xGlu-Nm and h-BN, respectively.
The detailed preparation method of BCN nanosheets is described in ESI Method 1. †
Characterization
Powder X-ray diffraction (XRD) patterns were recorded on a PANalytical X'Pert-pro MPD X-ray power diffractometer with Cu-Ka radiation (l ¼ 1.54056Å) operating at 50 kV and 300 mA. Fourier transform infrared (FT-IR) spectra were recorded on a Spectrum One in the spectral range of 400-4000 cm À1 using the KBr disk method. Scanning electron microscopy (SEM) measurement was performed on a Hitachi S4800 scanning electron microscope at 6.0 kV. Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) imaging was carried out using FEI Tecnai G2 F20 S-TWIN at 200 kV. High angle annular dark eld scanning transmission electron microscopy (HAADF-STEM) imaging and energy-dispersive Xray spectroscopy (EDS) elemental mapping were carried out on JEM-ARM 200F at 200 kV. X-ray photoelectron spectroscopy (XPS) spectra were performed by an ESCALAB 20 Xi XPS system, where the analysis chamber was 1.5 Â 10 À9 mbar and the size of X-ray spot was 500 mm. Raman spectroscopic measurements were performed on a Renishaw in Via plus with a 514 nm Nd:YAG excitation source at room temperature. The UV/Vis picture was recorded on a U-3900H Spectrophotometer, Hitachi. Here BaSO 4 was used as a reectance standard in the ultraviolet-visible diffuse reectance experiment. The specic surface area were measured S2 using a BET (Brunauer-EmmettTeller) instrument (ASAP 2420-4, Micromeritics). AFM measurements were implemented by using a Veeco Dimension 3100 SPM system. Photoelectrochemical analysis was conducted with an Electrochemical Workstation CHI660E in a three electrode cell, using an Ag/AgCl electrode (3 M KCl) as the reference electrode and a Pt plate as the counter electrode. The working electrode was prepared by spreading with catalyst slurry (5 mg ml À1 in DMF) on indium-tin oxide. Aer air drying, the working electrode was put into a 0.2 M Na 2 SO 4 aqueous solution (pH ¼ 6.8). The methods for the preparation of Ni-Co LDHs/30Glu-Ca for water oxidation, photocatalytic redox of water and reduction of CO 2 are described minutely in ESI Method 2-4. †
Result and discussion
Characterization of xGlu-Me samples
As shown in ESI Table 1 and Fig. 16 , † the samples with glucose of more than 20 wt% to boric acid and without the addition of metal nitrate show black colour, which can be considered as the phase separation of carbon. But the samples with alkaline earth metal nitrate don't show black colour even at the addition of 40 wt% glucose. It is obvious that the addition of the alkaline earth metal compounds prevent the phase separation during the annealing. The difference in colours of samples with same glucose content according to the type of alkaline earth metal seems to be caused by the size and distribution of doped carbon domains in BCN materials. Fig. 1a and ESI Fig. 1 † show the XRD patterns of the samples (xGlu-Ca) with different amounts of glucose and the samples (30Glu-Me) with alkaline earth metal nitrates.
All samples showed the XRD patterns that resembles the pattern of h-BN (JCPDS card no. 00-034-0421) and all the observed peaks were matching those with the h-BN structure. The most intense and sharp peak at $26
can be assigned to the (002) plane corresponding to regular van der Waals stacking of hexagonal BN layers. Additionally, the peaks observed at $42 , $43
and $55 correspond to (100), (101) and (004), crystallographic planes, respectively. The higher the content of glucose is, the lower the peak intensity of h-BN is. 40 Also, with increasing the C-doping content, the peaks were broadened and shied slightly to lower angles, which indicates the doping of carbon in the h-BN lattice. These results reveal that all samples have a layered structure similar to h-BN and the inherent property of h-BN becomes weakened as the C-doping content increase.
Fourier transform infrared (FT-IR) spectra also give the further interpretation on the chemical structure of samples (Fig. 1b, ESI Fig. 2 †) . Samples were mainly featured by two bands of 1380 cm À1 and 780 cm À1 , which correspond to the in- Raman shi also shows the incorporation of carbon into h-BN for 30Glu-Ca sample (Fig. 1c) . Raman peaks of h-BN and graphite were smeared out due to the distortion of the layer symmetry, 44 which present that the C-doping into h-BN proceeded without the phase separation.
ESI Fig. 3 and 4 † shows XRD patterns of 30Glu-Ca samples annealed for 2 hours at different temperature (200, 600, 800, 1000 C) and 30Glu-Me (Me ¼ Mg, Sr, Ba) samples annealed at 1000 C.
At 200 C drying temperature, the XRD patterns of raw materials such as boric acid, urea, glucose and calcium nitrate were predominant. And at 600-800 C annealing temperature, their patterns are smeared and they were almost amorphous. At 1000 C annealing temperature, the XRD peaks of graphitic h-BN and calcium borate 45 
49-52 the melting points of this system are below 1000 C at the composition ratio of MeO$2B 2 O 3 . Thus, the above results present that the formation of BCN nanosheets is progressed in the melt phase of calcium borate, and alkaline earth metal borate promotes the C-doping into h-BN by improving solubility of B, C and N elements in melt phase. The solubility of each element in melt phase decides on the size and distribution of doped carbon domains in BCN nanosheets, which is one of the major factors for photocatalytic activity and stability. The sample reveals the high thermal stability of the sample in N 2 atmosphere (ESI Fig. 5 †) . In air, the material is stable up to ca. 800 C, above which the weight is increased duo to the oxidation of BCN to produce corresponding oxides, like B 2 O 3 . Fig. 1d is the XPS spectra of the C-doped product (30Glu-Ca). Deconvolution of B1s spectrum (ESI Fig. 6a †) gives three peaks centred at 189.9, 191.3 and 192.3 eV. The major peak at 191.3 eV is attributed to B atoms surrounded by N atoms, 53,54 while the two other subpeaks at lower and higher energies are due to the B-C and B-O bonds, respectively. 55, 56 From ESI Fig. 6b , † the C1s signal can be deconvoluted into three bands located at 283.5, 284.6 and 285.7 eV, respectively. The largest peak at 284.6 eV is assigned to graphene-like C-C and the peak at 285.7 eV reects C-N bond. 46 The peak at 283.5 eV is assigned to C-B bond but its intensity is very weak.
The result of deconvolution of N1s spectrum is shown in ESI  Fig. 6c . † The N1s data are composed of three components centred at 397.9, 398.6, and 400.5 eV, which are assigned to the N-B, N-C and N-H bonds, respectively.
57
XPS results are perfectly consistent with the bonds found by FT-IR analysis. Elemental analysis by XPS shows that the Cdoping content is gradually increased with increasing amount of glucose (Table 1) . As seen from XRD and XPS results, there are much more C-N bonds than C-B bonds, which shows that the prepared materials have the structure that the elements surrounding of the doped carbon are basically nitrogen. From this reason, these materials have many defects for stabilization of material, where B-O bond is one of signicant defect sites. Totally, XPS results conrm that the C-doping into h-BN occurred successfully without the phase-separation of h-BN and graphite. Fig. 2a shows the scanning electron microscopy (SEM) image of 30Glu-Ca sample aer the annealing (30Glu-Me; ESI Fig. 7 †) . The sample reveals the ake-stacked structure. Fig. 2b is the highresolution transmission electron microscopy (HRTEM) image of 30Glu-Ca sample aer washing and drying (30Glu-Me; ESI Fig. 8 †) . In all cases, the structure of nanosheets was observed. The prepared 30Glu-Ca nanosheets showed polycrystal structure with highly ordered lattice fringes (inset of Fig. 2b) .
Morphology and band gap
The distance between adjacent fringes reects the interlayer lattice spacing and its size is $0.34 nm which is consistent with the calculated d by XRD analysis for (002) crystal plane.
Elemental mapping throughout the selected area proves the homogeneity of BCN nanosheets with a uniform distribution of B, C and N (Fig. 2c, ESI Fig. 9 †) .
By the atomic force microscopy (AFM) analysis, the thickness of 30Glu-Ca sample was determined to be 2-4 nm (ESI Fig. 10 †) , which corresponds to the thickness of 10 stacked layers. Thus, the prepared nanosheets are suitable for optoelectronics because the exciton and charge diffusion length is generally in range of thickness below 10 nm.
58 Fig. 3a and c show the ultraviolet-visible diffuse reectance spectra of xGlu-Ca samples and 20Glu-Me (Me ¼ Mg, Sr, Ba) under UV-visible light irradiation. As shown in Fig. 3a , the increase of the C-doping content makes the absorption edge of samples red-shi.
From the Tauc plot 59 of transformed Kubelka-Munk function versus light energy, the band gap energies of xGlu-Ca (x ¼ 20, 30, 40) samples were 2.85, 2.53 and 1.91 eV (Fig. 3b) and them of 20Glu-Me (Me ¼ Mg, Sr, Ba) samples were 2.70, 2.75 and 2.83 eV, respectively (Fig. 3d , xGlu-Me; ESI Table 4 †). And the band gap energy of the prepared h-BN sample was 4.90 eV. (ESI Fig. 11 †) The long absorption tails in the visible however indicates the presence of C-doping structures with different energy levels, potentially located at the surface.
Using Mott-Schottky method,
the conduction band minimum of xGlu-Ca samples were determined to be À1.47, À1.09 and À0.46 eV, respectively (ESI Fig. 12a-c †) .
As shown in ESI Fig. 12d , † the band position of the xGlu-Ca (x ¼ 20, 30, 40) gives the possibility for water redox under visible light radiation.
Photocatalytic water splitting
The photocatalytic activity of xGlu-Ca samples and 30Glu-Me (Me ¼ Mg, Sr and Ba) samples for water splitting was determined by H 2 evolution and O 2 evolution reactions. H 2 evolution under light irradiation was observed but in dark wasn't. Fig. 4a and ESI Fig. 12a † shows H 2 production of 30Glu-Ca under n versus E plots (n ¼ 2).
visible light (with cutoff lter of >420 nm) and under UV-visible light irradiation (without cutoff lter). This sample could evolve H 2 from water under visible light illumination even without using noble metal as promoter but its photocatalytic stability is not good. This can be speculated about the over-reduction of the boron sites of surface (corresponds to -N]B-structure).
10
Among the xGlu-Ca samples, H 2 evolution rate of 30Glu-Ca is the highest (ESI Fig. 12c †) . As the lower the band gap energy is, the more the charge-carriers produce, H 2 evolution rate increase with increase of the doped C-content. But, excess carbon content probably weakens the photocatalytic properties due to nonhomogeneity of the doped carbon and decrease of the charge-carrier lifetime. H 2 evolution with 2% Pt-loaded 30Glu-Ca sample is shown in Fig. 4b and ESI Fig. 13b -e. † Under visible light irradiation, H 2 production (260 mmol) evolved for 20 hours with Pt/30Glu-Ca is considerably higher than with pure 30Glu-Ca (69 mmol) and Pt ($0.5 mmol), and its stability also is remarkably improved. The higher the C-doping content is, the larger the specic surface area is (ESI Table 3 †) . But the large surface area doesn't improve the H 2 evolution rate, which veries this reaction is mainly limited by charge separation instead of mass transfer.
As shown in Fig. 4c , the 30Glu-Me (Me ¼ Mg, Sr and Ba) samples also evolved H 2 under visible light illumination, but their H 2 productions were smaller than one of 30Glu-Ca sample. This can be elucidated that 30Glu-Ca sample prepared by calcium borate has the most suitable structure for water splitting compared with samples by other metal borates.
The other half-reaction of water splitting is the oxygen evolution reaction, which is more challenging than the hydrogen evolution reaction. This reaction contains four redox processes over a narrow potential range, multiple proton and electron transfer, and the formation of oxygen-oxygen bond.
Ni-Co layered double hydroxides (Ni-Co LDHs) was used as cocatalyst. As shown in Fig. 4d , Ni-Co LDHs/30Glu-Ca catalyst evolved 10 mmol O 2 in 20 hours reaction under visible light and liberated 32 mmol O 2 under ultraviolet light. The oxygen evolution proves the above characterization results that xGlu-Ca samples have the band structure suitable for water splitting and Ni-Co LDHs are able to promote O 2 evolution with the photogenerated holes (ESI Fig. 14 †) . The reduction of O 2 production in course of time is basically due to the deposition of metallic silver at the catalyst surface, which prevents light absorption and covers active sites. 6 Photocatalytic CO 2 reduction CO 2 conversion still remain very inefficient, largely owing to insufficient solar light utilization, the high energy barrier for CO 2 activation, and the sluggish kinetics of the involved multiple e À /H + transfer processes. 61 As shown above, the prepared BCN nanosheets have a very reductive photoelectron which gives a chance for the direct photocatalytic reduction of CO 2 .
60 The photocatalytic activity of 30Glu-Ca was determined in photocatalytic reduction of CO 2 to CO under visible light illumination. As a result, the system evolved CO (30 mmol) and H 2 (10 mmol) simultaneously for 10 hours as shown Fig. 5 , which were similar to previous research result 9 (by BCN prepared at 1250 C) and the CO selectivity decreased as the water content of the system increased (ESI Fig. 15 †) . It has been reported that in CO 2 reduction by elemental boron catalyst, localized self-hydrolysed boron plays an important role in the activation and adsorption of CO 2 .
62 Here, we guess that not only the boron sites of surface (corresponds to -N]B-structure) but also B-O structure act as active sites for CO 2 reduction.
Conclusion
The C-doping into h-BN for the photocatalytic activity under visible light irradiation was successfully achieved at low annealing temperature (1000 C) by adding alkaline earth metal compounds. The added alkaline earth metal compounds promotes the formation of BCN nanosheets in the melt-phase of MeO-2B 2 O 3 . The prepared BCN nanosheets possess tuneable band gap and the capability for photocatalytic water splitting and CO 2 reduction under visible light. The simulation of the formation process of BCN nanosheets in MeO-2B 2 O 3 melt based on solubility of each elements, the further structure optimization of BCN nanosheets, the effects of alkaline metal compounds and the doping of other elements into h-BN by this method can be expected for development of 2D BN-based photocatalyst.
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